Loss of functional β-cell mass is a hallmark of type 1 and type 2 diabetes, and methods for restoring these cells are needed. We have previously reported that overexpression of the homeodomain transcription factor NK6 homeobox 1 (Nkx6.1) in rat pancreatic islets induces β-cell proliferation and enhances glucosestimulated insulin secretion, but the pathway by which Nkx6.1 activates β-cell expansion has not been defined. Here, we demonstrate that Nkx6.1 induces expression of the nuclear receptor subfamily 4, group A, members 1 and 3 (Nr4a1 and Nr4a3) orphan nuclear receptors, and that these factors are both necessary and sufficient for Nkx6.1-mediated β-cell proliferation. Consistent with this finding, global knockout of Nr4a1 results in a decrease in β-cell area in neonatal and young mice. Overexpression of Nkx6.1 and the Nr4a receptors results in increased expression of key cell cycle inducers E2F transcription factor 1 and cyclin E1. Furthermore, Nkx6.1 and Nr4a receptors induce components of the anaphasepromoting complex, including ubiquitin-conjugating enzyme E2C, resulting in degradation of the cell cycle inhibitor p21. These studies identify a unique bipartite pathway for activation of β-cell proliferation, suggesting several unique targets for expansion of functional β-cell mass.
T ype 1 diabetes is characterized by the autoimmune destruction of β cells, whereas type 2 diabetes is linked to a gradual loss of β-cell mass and function driven by metabolic and stress-related factors (1, 2) . Adult β cells have a low intrinsic replicative rate but retain some capacity for expansion in response to physiological perturbations such as pregnancy and obesity (3, 4) . A better understanding of molecular pathways that activate β-cell proliferation may help to define strategies for replacement of functional β-cell mass in both major forms of diabetes.
The homeobox transcription factor NK6 homeobox 1 (Nkx6.1) is essential for β-cell development (5) . Nkx6.1 is actively expressed during the secondary transition, a period in which β cells grow and differentiate (5) . This suggests that Nkx6.1 expression may play a role in expansion of functional β-cell mass. Consistent with this idea, overexpression of Nkx6.1 in mature islets results in improved glucose-stimulated insulin secretion (GSIS) and enhanced β-cell proliferation (6) . However, the molecular pathway by which Nkx6.1 induces islet β-cell proliferation has yet to be elucidated.
The nuclear receptor subfamily 4, group A (Nr4a) orphan nuclear receptor family consists of three members, Nr4a1/Nur77, Nr4a2/Nurr1, and Nr4a3/NOR1 (7), which have been implicated in control of diverse biological functions (8) (9) (10) (11) , with the nature of the biological effect(s) being dependent on expression level and tissue context. Here, we show that Nr4a1 and Nr4a3 are strongly up-regulated by Nkx6.1 overexpression in rat islets and that either factor is necessary and sufficient to induce β-cell proliferation. Consistent with these findings, global knockout of Nr4a1 significantly reduces β-cell mass in neonatal and young mice. In addition, we demonstrate that Nkx6.1, Nr4a1, and Nr4a3 all induce expression of E2F transcription factor 1 (E2F1) and cyclin E1, genes that gate cell cycle entry, while also up-regulating key components of the anaphase-promoting complex (APC), leading to degradation of cyclin-dependent kinase inhibitor 1a (p21).
Results
Up-Regulation of Nr4a1 and Nr4a3 in Response to Nkx6.1 Overexpression in Rat Islets. Rat islets treated with AdCMV-Nkx6.1 adenovirus exhibit an increase in Nkx6.1 protein within 24 h of viral treatment, but significant β-cell proliferation is first observed at 72 h (6) , suggesting that Nkx6.1 acts through target genes that ultimately serve as the direct mediators of the proliferative response. To investigate earlier effects of Nkx6.1, we performed microarray analysis on five independent sets of rat islets cultured for 48 h after treatment with AdCMV-Nkx6.1 or AdCMV-βGal adenoviruses or with no viral treatment; 748 genes were increased by ≥50%, and 240 were decreased by ≥50% in islets with Nkx6.1 overexpression relative to control islets [P < 0.05; the gene lists have been deposited in the Gene Expression Omnibus (GEO) database].
Gene set enrichment analysis revealed that core cell cycle networks were changed in response to Nkx6.1 expression (Fig.  S1 ). Among 26 transcription factors that were affected (Table  S1 ), the orphan nuclear receptors Nr4a1 and Nr4a3 were those most tightly associated with the cell cycle modules. Consistent with the microarray results, RT-PCR analysis revealed 3.1-and 7.8-fold increases in Nr4a1 and Nr4a3 mRNA levels, respectively, at 48 h after AdCMV-Nkx6.1 treatment relative to control islets ( Fig. 1 A and B) . Titration studies revealed that proliferation was observed in response to a range of 2.6-to 14.4-fold increases in Nkx6.1 protein levels (Fig. S2) , and Nr4a1 and Significance Loss of pancreatic islet β cells occurs in both major forms of diabetes, and strategies for restoring β cells are needed. The homeobox transcription factor NK6 homeobox 1 (Nkx6.1) activates β-cell proliferation and insulin secretion when overexpressed in pancreatic islets, but the molecular pathway involved in the proliferative response is unknown. We show that Nkx6.1 induces expression of orphan nuclear receptor subfamily 4, group A, members 1 and 3 (Nr4a1 and Nr4a3), which stimulate proliferation via two mechanisms: (i) increased expression of the cell cycle inducers E2F transcription factor 1 and cyclin E1; and (ii) induction of anaphase-promoting complex elements, and degradation of the cell cycle inhibitor p21. These studies reveal a new bipartite pathway for activation of β-cell proliferation that could guide development of therapeutic strategies for diabetes.
Nr4a3 mRNA levels were increased similarly and consistently over this range. Nr4a1 and Nr4a3 protein levels were also clearly elevated in response to Nkx6.1 expression (Fig. 1C) . Finally, we found binding of endogenous Nkx6.1 to the Nr4a1 and Nr4a3 genes by chromatin immunoprecipitation (ChIP) analysis in the 832/13 insulinoma cell line. This binding was significant both when normalized to a nonbound amplicon ( Fig. 1 D and E) or when expressed as fold-enrichment relative to control IgG.
Nr4a1 and Nr4a3 Are Sufficient to Induce β-Cell Proliferation. Adenovirus-mediated overexpression of Nr4a1 or Nr4a3 in rat islets resulted in 14-and 10-fold increases in protein levels, respectively, by 48 h after viral treatment ( Fig. 2A) . AdCMVNkx6.1-treated islets exhibited a significant increase in [ 3 H]thymidine incorporation by 72 h, whereas increases were observed by 48 h in islets treated with either AdCMV-Nr4a1 or AdCMVNr4a3 (Fig. 2B) . At 96 h, Nkx6.1 caused a sixfold induction in [ 3 H]thymidine incorporation, similar to the effects of treatment with AdCMV-Nr4a1 (fourfold induction) or AdCMV-Nr4a3 (near sixfold induction) at 48 h. Combined overexpression of Nr4a1 and Nr4a3 had no additive effect on proliferation (Fig.  S3A) , suggesting that the two factors activate similar downstream molecular pathways. These data are consistent with a model in which Nkx6.1 overexpression serves to activate islet cell proliferation by first activating expression of Nr4a1 and Nr4a3.
A recent study reported that conditional overexpression of Nkx6.1 in transgenic mouse islets does not activate β-cell proliferation (12) , in contrast to our consistent observations of induction of proliferation by adenovirus-mediated Nkx6.1 overexpression in rat islets (refs. 6 and 13 and this study). To test the possibility that adenovirus-encoded genes are involved in the proliferative effect, we expressed Nkx6.1 from an alternate viral (lentivirus) vector. Treatment of rat islets with two different doses of a lentivirus encoding Nkx6.1 caused 3.9-and 5.4-fold increases in Nkx6.1 mRNA levels, with attendant 2.4-fold and 3.3-fold increases in [ 3 H]thymidine incorporation relative to green florescent protein (GFP) lentivirus (Fig. 2C) . Thus Nkx6.1-mediated islet cell proliferation is not dependent on adenovirusspecific gene products.
Based on 5-ethynyl-2′-deoxyuridine (EdU) staining and insulin costaining, AdCMV-Nkx6.1 treatment resulted in replication of 6.2% of β cells, whereas treatment with AdCMV-Nr4a1 or AdCMV-Nr4a3 resulted in replication of 4.6% or 5.0% of β cells, respectively, relative to only 1.3% of β cells replicating in untreated or AdCMV-GFP-transduced islets (Fig. 2 D and F) . For all treatment conditions, <2.5% of non-β cells were found to be replicating, and overexpression of Nr4a1 or Nr4a3 had no effect on this basal level.
Staining for PHH3 identifies cells that have moved past the G 2 checkpoint and into mitosis. Of the EdU + insulin + cells in Nkx6.1-, Nr4a1-, and Nr4a3-overexpressing islets at 96 h, 62%, Treatment of human islets with AdCMV-Nkx6.1 increases Nr4a1 (G) and Nr4a3 (H) mRNA levels. (I) [ 3 H-methyl]thymidine incorporation into human islets measured 96 h after indicated treatments. Data represent means ± SEM of a minimum of three independent experiments; human islet data represent eight independent experiments. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. All comparisons with AdCMV-GFP-treated islets.
91%, and 84% of the cells were also positive for PHH3, respectively (Fig. 2E) . The larger fraction of PHH3-positive β cells in the AdCMV-Nr4a1 and AdCMV-Nr4a3-treated islets is anticipated given the time lag in Nkx6.1-mediated replication described above. Expression of cell cycle activators such as cyclin D and Cdk6 in islets can result in DNA damage, as indicated by γH2a histone family, member x (γ-H2AX) staining (14) . Overexpression of Nkx6.1 induces a large increase in EdU-positive cells in rat islets, but only a small percentage of these cells costain with γ-H2AX, suggesting that Nkx6.1 induces a "non-damaging" proliferative response (Fig. S4) . Moreover, large induction of PHH3 by Nkx6.1, Nr4a1, or Nr4a3 expression is indicative of complete activation of the cell cycle, rather than cell cycle arrest as observed in response to cyclin D and Cdk6 expression (14) . Taken together, these data demonstrate that similar to Nkx6.1 (6, 13), Nr4a1 and Nr4a3 preferentially induce replication in β cells, with a high percentage of these cells successfully progressing through the cell cycle to M phase.
We next investigated the impact of Nr4a1 or Nr4a3 on human islet replication, using islets from eight different donors ranging in age from 14 to 61 y (average, 33.8 y), and with a body mass index of 21.8-35.9 kg/m 2 (average, 30.1 kg/m 2 ). Human islets with overexpressed Nkx6.1 had increased expression of both Nr4a1 and Nr4a3 ( Fig. 2 G and H) . Furthermore, overexpression of Nr4a3 but not Nr4a1 in human islets caused an increase of 46% (P = 0.005) in [ 3 H]thymidine incorporation relative to control islets (Fig. 2I) . We have previously reported that Nkx6.1 has a lesser impact on human compared with rat islet proliferation (6); this is consistent with the lesser potency of overexpressed Nr4a receptors in human compared with rat islets shown here.
Finally, overexpression of Nkx6.1 in rat islets results in enhanced GSIS (6) and this effect is mediated by induction of an islet prohormone, VGF (15) . Treatment of rat islets with either AdCMV-Nr4a1 or AdCMV-Nr4a3 had no impact on GSIS (Fig.  S3B) . Consistent with this finding, overexpression of Nkx6.1 causes a strong induction of VGF (15), whereas Nr4a1 or Nr4a3 overexpression did not impact VGF expression (Fig. S3C ). We next used siRNA and dominant-negative constructs to determine if Nr4a1 and Nr4a3 are required for Nkx6.1-induced β-cell proliferation. Treatment of rat islets with Ad-siNr4a1 caused a 45% decrease in Nr4a1 mRNA levels, whereas Ad-siNr4a3 treatment caused a 50% decrease in Nr4a3 levels (Fig. 3A) . Islets treated with AdCMV-Nkx6.1 alone or the combination of AdCMV-Nkx6.1 plus Ad-siControl exhibited an eightfold induction in [ 3 H]thymidine incorporation compared with untreated islets, whereas islets treated with AdCMV-Nkx6.1 plus Ad-siNr4a1 or AdCMV-Nkx6.1 plus Ad-siNr4a3 had 50% and 60% less [ 3 H]thymidine incorporation relative to control islets, respectively (Fig. 3B) . A dominant-negative Nr4a1 mutant known as Nr4a1-M1 has a deletion in the AF1 transactivation domain that impairs its activity, and its overexpression interferes with the function of all endogenous Nr4a receptors (16) . Islets transduced with AdCMV-Nkx6.1 plus AdCMV-Nr4a1-M1 exhibited a 40% decrease in [ 3 H]thymidine incorporation compared with islets treated with AdCMV-Nkx6.1 plus AdCMV-GFP ( Fig. 3 C and D) . In sum, Nr4a1 and Nr4a3 are necessary for Nkx6.1-mediated islet cell proliferation.
Neonatal and Young Nr4a1 Knockout Mice Have Decreased β-Cell
Area. To investigate whether loss of N4a family members curtails β-cell expansion in vivo, we measured total islet area in global Nr4a1 knockout mice (8) compared with wild-type mice. Mice deficient for Nr4a1 are known to have perturbations in metabolic fuel homeostasis (8, (16) (17) (18) , but the impact of manipulation of the Nr4a factors on islet mass has not been reported. At postnatal day 11, wild-type mice had a β-cell area of 22% relative to total pancreas area, whereas the Nr4a1 knockout had a β-cell area of 11% (Fig. 4 A and C) . At two months of age, wild-type mice had β-cell area of 1.8%, compared with 1.1% in Nr4a1 knockout mice (Fig. 4B ). Blood glucose levels were not different in wild-type and Nr4a1 knockout mice at 11 d or 2 mo of age (Fig. S5) . We found that 10.9% of β cells in 11-d-old wild-type mice were Ki-67-positive (antigen identified by monoclonal antibody ki-67), versus 7.8% in Nr4a1 knockout mice (Fig. 4D) . Furthermore, 8% of β cells were PHH3 + insulin + in 11-d-old wildtype mice, compared with 5.2% in Nr4a1 knockout mice (Fig. 4E ). These data demonstrate that loss of Nr4a1 results in a significant decrease in actively cycling β cells in islets of young mice.
Nr4a1 and Nr4a3 Up-Regulate a Subset of Genes Induced by Nkx6.1.
We next used microarray analysis to investigate β-cell proliferative pathways activated by the Nr4a receptors. Using a cutoff of genes that were induced or repressed by ≥50%, with P < 0.05 (n = 5 independent sets of islets), Nr4a1 overexpression upregulated 503 genes, and repressed 323 genes, whereas Nr4a3 overexpression induced 246 genes and repressed 111 genes compared with controls (Fig. S1 ). There were 54 genes up-regulated in common in response to overexpression of Nkx6.1, Nr4a1, or Nr4a3, which comprised three clusters linked to cell cycle progression (20 genes), chromosome condensation and segregation (9 genes), and components of the APC (4 genes) (Table S2 ). Using these genes to build a transcriptional network, we observe a strong enrichment of E2F1 target genes (P = 1.2 × 10 −63 ), such as cyclin E1, cyclin A, and cyclin B, and an equally strong link to APC activation (P = 2.4 × 10 −30 ).
Nkx6.1-Mediated Induction of E2F1 and Cyclin E1 Are Dependent on Nr4a1 and Nr4a3. Previous studies have demonstrated that Nr4a family members bind to and directly induce expression of the E2F1 gene (10) . Treatment of rat islets with AdCMV-Nr4a1 or Ad-CMV-Nr4a3 induced E2F1 expression within 48 h, whereas AdCMV-Nkx6.1 treatment had no effect at this time point (Fig.  S6A) . In contrast, 96 h after treatment with AdCMV-Nkx6.1, a similar up-regulation of E2F1 is observed as for Nr4a1 or Nr4a3 overexpression at 48 h (Fig. S6B) . Knockdown of Nr4a1 or Nr4a3 expression by 80% and 90%, respectively, resulted in 54% and 68% decreases in E2F1 mRNA levels in response to Nkx6.1 overexpression at 96 h (Fig. S6B) . E2F1 is known to orchestrate cell cycle progression by inducing cell cycle genes (19) , including cyclin E1, and overexpression of cyclin E1 is sufficient to induce rat islet β-cell proliferation (6) . At 48 h, cyclin E1 is up-regulated in Nr4a1-and Nr4a3-overexpressing, but not Nkx6.1-overexpressing, islets, whereas cyclin E1 is induced by Nkx6.1 at 96 h. The effect of Nkx6.1 to increase cyclin E1 at 96 h is partially blocked by cotreatment of islets with Ad-siNr4a1 or Ad-siNr4a3 (Fig. S6 C and D) . These results demonstrate that Nkx6.1-mediated control of cell cycle entry is dependent upon Nr4a-driven up-regulation of E2F1 and its downstream targets, including cyclin E1.
Nkx6.1-Mediated Expression of Ubiquitin-Conjugating Enzyme E2C Is
Dependent on Nr4a1 and Nr4a3. The ubiquitin-conjugating enzyme E2C (Ube2c) is a critical component of the APC. Overexpression of Nr4a1 or Nr4a3 is sufficient to induce expression of Ube2c by 48 h after virus transduction compared with control islets, whereas Nkx6.1 overexpression has no effect at this time point (Fig. 5A) . At 96 h, Nkx6.1 overexpression induces Ube2c to a similar degree as Nr4a1 or Nr4a3 expression, and knockdown of either Nr4a1 or Nr4a3 impairs Nkx6.1-mediated induction of Ube2c expression at 96 h (Fig. 5B ). These data demonstrate that Nkx6.1-stimulated expression of Ube2c is dependent upon upregulation of Nr4a1 and Nr4a3.
Nkx6.1 Up-Regulation of APC Components Through Nr4a1 and
Nr4a3 Results in p21 Degradation. Treatment of rat islets with AdCMV-Nkx6.1 induces a significant increase in p21 mRNA, beginning at 24 h and sustained to 96 h after viral treatment (Fig. 5C) . Interestingly, although p21 protein levels initially increase in parallel with the increase in mRNA through 48 h, by 72 h, a decrease in p21 protein levels is observed (Fig. 5D) . Furthermore, at 48 h, islets exposed to AdCMV-Nr4a1 or AdCMV-Nr4a3 have p21 protein levels that are indistinguishable from AdCMV-GFP-treated or untreated islets. (Fig. 6A) .
Given recent evidence of regulation of p21 levels by the APC (20), we investigated the effect of manipulation of Ube2c on p21 protein levels in islet cells. Overexpression of Ube2c in the 832/13 cell line resulted in dramatic lowering of p21 protein levels (Fig. 6B) . In addition, knockdown of Ube2c mRNA in rat islets by 87% resulted in a 56% suppression of Nkx6.1-mediated β-cell proliferation (Fig. 6C) . Ad-sip21-mediated knockdown of p21 mRNA and protein levels by 60% (Fig. S7 A, D , and E) resulted in a fourfold induction in [ 3 H]thymidine incorporation compared with a sevenfold induction by Nkx6.1 in the same experiment (Fig. S7G) . Ad-sip21 treatment also caused a significant decrease in cyclin-dependent kinase inhibitor 1b (p27) mRNA and protein (Fig. S7 B, D , and E) levels and an increase in cyclin-dependent kinase inhibitor 1c (p57) mRNA levels (Fig.  S7C) . Interestingly, the types of cells that are induced to replicate by Nkx6.1/Nr4a overexpression versus p21 knockdown are different (Fig. 6 D and E) . Thus, knockdown of p21 results in replication of 2.7% of insulin-positive cells and 2.4% of insulinnegative cells, whereas the effects of Nkx6.1, Nr4a1, and Nr4a3 are much more β cell-restricted, despite the use of constitutive promoters in all of the viral constructs. Thus, the effect of Nkx6.1, Nr4a1, and Nr4a3 to induce the APC and lower p21 levels occurs in a β cell-selective manner.
Discussion A hallmark of both major forms of diabetes is the loss of functional β-cell mass. Whereas β-cell proliferation is thought to occur slowly in adult mammals (21, 22) , it can be increased by certain physiologic and pathophysiologic conditions such as pregnancy and obesity (3, 23) .
We have previously demonstrated that overexpression of Nkx6.1 is among the very rare manipulations that can simultaneously stimulate β-cell proliferation and GSIS in adult islets (6). Nkx6.1-mediated activation of β-cell proliferation occurs 72-96 h after overexpression, implicating Nkx6.1 target genes in this response. The current study identifies Nr4a1 and Nr4a3 as Nkx6.1-regulated genes that control β-cell proliferation. The Nr4a orphan nuclear receptors were originally described as immediate early genes induced by nerve growth factors in PC12 cells (24) and are now recognized to be induced by growth factors, cytokines, fatty acids, and phorbol esters (25) . The Nr4a family has been associated with cell survival, proliferation, and induction of apoptosis, with responses depending on cell type and context (26) . Importantly, Nkx6.1, Nr4a1, and Nr4a3 do not induce genes associated with cell stress or apoptosis in our microarray studies, suggesting that these factors function mainly to stimulate proliferation when activated in the context of islet β cells. Our study shows that in islets, Nr4a1 and Nr4a3 induce proliferation through up-regulation of genes that activate the cell cycle, as well as other genes that cause degradation of the cell cycle inhibitor p21 (Fig. 6F) . Key members of the first class of genes are E2F1 and cyclin E1. E2F1 has been shown to be a direct Nr4a1 and Nr4a3 target gene, and E2F1 is known to directly up-regulate expression of cyclin E1 (10, 27) . Once induced, cyclin E1 binds to cdk2 and phosphorylates Rb, thus allowing E2F1 to induce expression of other cell cycle genes and drive cellular proliferation (27) . Key genes involved in the second major arm of the Nkx6.1/Nr4a pathway include Cdc20, Ube2c, and Ube2s, which are critical components of the APC (28) . Our data demonstrate that APC-mediated degradation of p21 is essential for Nkx6.1-mediated β-cell proliferation. Our finding that loss of p21 alone is sufficient to induce β-cell proliferation without overexpression of Nkx6.1, Nr4a1, or Nr4a3 suggests that a subpopulation of rat islet β cells are primed to reenter the cell cycle even without upregulation of positive regulators. These results are consistent with recent data demonstrating the critical importance of cell cycle inhibitors such as p27 and p16 in control of mouse and human islet replication (29) . In contrast, mice deficient for p21 exhibit no discernable increase in islet mass (30) . The apparent discrepancy between that study and ours may be explained by the absence of p21 through development in knockout mice, leading to compensation due to increased p57 expression (30), whereas our experiments involving acute, siRNA-mediated knockdown of p21 in adult rat islets also resulted in decreased expression of another cell cycle repressor, p27. These issues notwithstanding, our experiments demonstrate that Nr4a1 and Nr4a3 activate the APC, resulting in degradation of p21, removal of the G 1 checkpoint, and stimulation of β-cell proliferation.
We also demonstrate that Nr4a1 knockout mice have reduced islet cell mass and β-cell proliferation at postnatal day 11 and at 2 mo of age. Nr4a1 has been shown to regulate gluconeogenic gene expression in the liver, and the loss of Nr4a1 decreases hepatic glucose production (16). It is not possible to determine at this time whether the decreased islet area accompanied by normoglycemia in young Nr4a1 knockout mice is attributable to a β-cell intrinsic effect or to reduced hepatic glucose production or other metabolic effects of peripheral Nr4a1 deficiency. However, our findings are consistent with a report linking polymorphisms in the human Nr4a3 gene with circulating insulin levels (9) .
A recent study suggests that adenovirus-mediated overexpression of Nr4a1 in a transformed β-cell line caused impairment of GSIS (31) . This is in contrast to the current study, where overexpression of either Nr4a1 or Nr4a3 in primary rat islets had no effect on GSIS. Overexpression of Nkx6.1 in rat islets actually enhances GSIS (6) . The insulinotropic effect of Nkx6.1 is explained by its induction of the gene encoding the VGF prohormone and a 21-aa peptide, TLQP-21, that is processed from VGF in islets (15) . We find that overexpression of Nr4a1 or Nr4a3 in rat islets has no effect on VGF expression. We have also overexpressed Nr4a1 and Nr4a3 in 832/13 insulinoma cells and failed to observe inhibitory effects on GSIS. We conclude that the pathway by which Nkx6.1 enhances GSIS involves induction of VGF independent of Nr4a1 or Nr4a3. In contrast, the pathway by which Nkx6.1 activates β-cell replication involves induction of Nr4a1 and Nr4a3 independent of VGF.
Our current and previous (6, 13) results describing proliferative effects of Nkx6.1 overexpression in rat islets differ from those reported by another laboratory (12) . In that paper, conditional, transgenic overexpression of Nkx6.1 in adult mouse islet β cells had no discernable effect on β-cell proliferation. Several explanations are possible for this apparent discrepancy. (i) The extent of overexpression of Nkx6.1 might have been different in the two studies. (ii) Our studies used adenovirus vectors to deliver Nkx6.1, as opposed to a germ line-integrated transgene (12) . To exclude the possibility that adenovirus-encoded genes may have contributed to proliferative effects (32), we expressed Nkx6.1 with an alternate viral (lentivirus) vector and still found Nkx6.1-mediated islet cell proliferation (Fig. 2C) . (iii) Finally, in a recent study, the same group that reported no effect of Nkx6.1 overexpression in transgenic mice reported a loss of normal β-cell mass and replication in islet-specific Nkx6.1 knockout mice (33) , consistent with the current observations. The identification of specific molecular mediators of the Nkx6.1-proliferative effect, such as Nr4a1, Nr4a3, APC components, and p21, and the demonstration that their regulation is required for the Nkx6.1 effect substantiates our earlier findings, as do our studies showing that knockout of Nr4a1 impairs development of normal islet β-cell mass.
It remains to be determined how our findings might translate to human β cells. We show herein that Nr4a3 overexpression in human islets causes a small but significant increase in [ 3 H]thymidine incorporation, a clearly modest effect compared with the impact of Nkx6.1 or the Nr4a receptors on rat islet proliferation. One possibility is that human islets, which tend to be procured from adult donors, may have high levels of expression of cell cycle repressors in addition to p21, such as p27 and p16, or the absence of other signaling pathways that are permissive for replication. A recent study shows that human and rodent islets . Data represent means ± SEM of a minimum of three independent experiments. For A, B, and E, P values represent comparison with GFP-treated islets. For C, the P value is for the comparison with AdCMV-Nkx6.1 plus AdsiControl islets. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. (F) Schematic summary of bipartite mechanism of Nkx6.1-activated β-cell proliferation.
lose expression of the platelet-derived growth factor receptor (PDGFR) with age, and restoration of PDGFR expression in islets from aged mice restores replicative activity while suppressing p16 function (34) . Further studies will be required to determine whether Nkx6.1 engages all of the same steps in human islets as it does in rat islets and to define the potential inhibitory roles of cell cycle repressors in adult human islets.
Methods
Cell Culture and Reagents. Male Wistar rats were purchased from Harlan and maintained on standard chow diet (Teklad 7001; Harlan). Rat pancreatic islets were isolated as previously described (35) . Rat studies were approved by the Duke University Institutional Animal Use and Care Committee. Wild-type and Nr4a1 knockout mice were fed ad libitum and maintained on a 12-h light-dark cycle. Mouse studies were approved by the University of California, Los Angeles Animal Research Committee. Deidentified human islets were obtained from the Integrated Islet Distribution Program (http://iidp.coh.org). Construction and use of adenovirus and lentivirus vectors is described in SI Methods.
cDNA Microarray Analysis. Five replicate groups of rat islets were cultured overnight in the absence or presence of AdCMV-GFP, AdCMV-βGal, AdCMVNkx6.1, AdCMV-Nr4a1, or AdCMV-Nr4a3 adenoviruses, followed by 48 h of cell culture and preparation of total RNA (6) . cDNA microarray analysis was performed on the Affymetrix Rat Genome 230 2.0 Array GeneChip (Affymetrix). Data analysis was performed as described in SI Methods.
ChIP Assays. ChIP assays were performed using 832/13 cells as detailed previously (6), using anti-Nkx6.1 antiserum or normal rabbit serum. Primer sequences are provided in SI Methods.
DNA Synthesis Measured by [
3 H]Thymidine Incorporation. DNA synthesis rates were measured as previously described (6) . Details are provided in SI Methods.
Glucose-Stimulated Insulin Secretion. Insulin secretion was measured at 2.5 and 16.7 mM glucose in triplicate groups of 20 islets per condition as previously described (6) . Data were normalized against total protein determined by binchoninic acid assay (Pierce), and insulin content was measured as described (6).
Immunoblot Analyses. Immunoblot analysis methods are described in SI Methods.
Quantitative RT-PCR. Rat Nr4a1, Nr4a3, E2F1, cyclin E1, p21, and Ube2c mRNA levels were measured by quantitative RT-PCR as previously described (15) . All primer sequences are available upon request.
Histology and Immunofluorescence. Pancreata were fixed in neutral-buffered formalin followed by paraffin embedding and stained for insulin, Ki-67, γH2AX, and PHH3, as described in SI Methods.
EdU Incorporation and Cell Cycle Progression. Islets were cultured with 10 μM EdU, with daily medium changes, for 96 h. Islets were dispersed on poly-Dlysine-coated coverslips (BD). EdU was detected using the AlexaFluor 555 EdU cell proliferation kit (Invitrogen). Five sections containing ≥400 nuclei were evaluated for EdU and PHH3 signals using ImageJ software for each condition.
Statistical Analysis. Data are presented as means ± SEM. Data were analyzed by the paired Student t test or by ANOVA with Bonferroni post hoc analysis for multiple group comparisons.
